Abstract
Introduction sensitive K-channel (mitoK channel) as having a central
ATP role in the mechanisms of both classic and delayed Myocardial preconditioning describes the induction of cardioprotection [5] in several models and mediated by a resistance to a normally lethal ischemic insult in myocarvariety of diverse triggers such as adenosine and opioid dium exposed to preceding, brief episodes of ischemia / receptor activation. The opening of this mitoK channel ATP reperfusion [1] . The initial protection conferred by premay be a possible mediator of protection [6] . In addition, conditioning is short-lived, but after 24 h, this protection mitoK channel blockers, such as 5-hydroxydecanoate ATP reappears and lasts for up to 72 h [2] . This delayed sodium and glibenclamide abolish the protection afforded by a variety of triggers such as simulated ischemia and exogenous adenosine [7] , opioids [8] and acetylcholine [9] .
Inhibition is seen at concentrations of 5-HD that had no 2. Materials and methods effect on the sarcolemmal K channel and protection can ATP be mimicked by diazoxide, a potent opener of mitoK 2.1. Chemicals ATP channels, at a concentration that has no effect on sarcolemmal K channels [10] . As such, the mechanism of the All chemicals and solvents were obtained from Sigma ATP protection afforded by mitoK channel opening is not (Poole, UK), except for dihydroethidium, nonyl acridine ATP fully understood. orange and reduced mitotracker orange, which were purTransient exposure to reactive oxygen species (ROS) chased from Molecular Probes, Eugene, Oregon. All such as the superoxide moiety can trigger preconditioning compounds were dissolved in ultra-pure water (Analar, per se in both the classical [11, 12] and delayed settings BDH, Poole, UK) except diazoxide, which was dissolved [13] . Similarly the generation of endogenous reactive as a stock solution in dimethyl sulfoxide and then diluted oxygen intermediates from cardiomyocytes appear imporin media immediately prior to use. All molecular probes tant in preconditioning, and it appears that these species were dissolved in ultra pure anhydrous DMSO immediare generated in the mitochondria of the myocyte [14] . Milton Keynes, UK). When grown to confluence, cells ''functional uncoupling'' of electron transport and oxidawere treated as described. tive phosphorylation in the mitochondrion and this will lead to generation of ROS primarily from complex III 2.3. Lethal simulated ischemia (LSI) enzymes [18, 19] . As such, this may herald a common pathway between ischemic preconditioning and diazoxideLethal simulated ischemia consisted of 6 h incubation in mediated cardioprotection.
hypoxic buffer, modified from Esumi et al. [22] with high We have previously demonstrated the ability of simulactate (20 mM), physiological potassium concentration lated ischemic preconditioning and diazoxide to protect a and a lower pH of 6.3, in a custom built hypoxic chamber human atrial cardiocyte-derived cell line against simudemonstrated to reduce pO to below 5 Torr. Interventions 2 lated ischemia reoxygenation injury [20] . We have also were performed either 15 min prior to LSI (''late'' groups) shown that both of these interventions resulted in signifior 30 min prior to LSI (''early'' groups). Cells were treated cant generation of ROS in the absence of a change of with diazoxide, (30 mM) alone or following prior incubamembrane potential [21] . The present study was spetion with 5-hydroxydecanoate sodium, (50 mM), 2-mercapcifically designed to address whether diazoxide causes topropionyl glycine, (400 mM) or N-acetyl cysteine, (20 generation of ROS, and whether these ROS were responmM). Following lethal simulated ischemia, cells were sible for the observed cytoprotection. In order to achieve washed and allowed to reoxygenate for 1 h in normal this, two distinct experimental groups were compared. growth medium at atmospheric pO . 2 Firstly, diazoxide was used in the standard cardioprotective manner, by incubation immediately prior to simu-2.4. Flow cytometry assessment of propidium iodide lated ischemia, or, secondly, by using diazoxide adminisexclusion tered as a ''pulse'', 15 min prior to simulated ischemia to examine opening the mitoK channel as a possible At the end of the lethal simulated ischemic period, ATP ''trigger'' mechanism. In order to understand the mechamedium from each well was aspirated and saved. Cells nisms of this phenomenon, we measured mitochonwere washed twice with warm Dulbecco's PBS and then drial membrane potential, mass and changes in matrix incubated for 2 min with 0.25% trypsin in 1 mM EDTA volume.
(Gibco BRL, Paisley, Scotland). Detached cells were resuspended in the saved medium and then centrifuged at (Verity, NY, USA) and plotted on a linear scale for control 3000 rpm for 4 min in a pre-cooled benchtop centrifuge at cells and compared with each of the experimental interven-48C. The resulting cell pellet was then resuspended in tions. Light scatter parameters were measured with excitaice-cold PBS containing 1 mg / ml propidium iodide. The tion between 520 and 540 nm. To assure that a change of cell volume was not bandpass wavelength of 470-490 nm using an arc source responsible for the changes in FS or SS, event flight time Bryte HS FCM and fluorescence signals were collected at (WID) parameters were compared within and between a wavelength .520 nm. Amplifiers for forward scatter experimental groups. (FS) (,1.58) and orthogonal scatter (SS) (.1.58) were set in linear mode and threshold settings excluding sub-cellular particles were set on the FS channel. Any signal in 2.9. Measurement of mitochondrial mass the forward scatter amplifier over the trigger threshold was considered an event. A region of interest was defined in the Cells were incubated with the probe nonyl acridine forward scatter versus orthogonal scatter cytogram in order orange, (100 nM) in fresh medium for 15 min before to gate out signals from sub-cellular debris. A minimum of analysis by FCM. Cells were exited using a wavelength of 10 000 events in the region of interest were measured for 470-490 nm and emission was collected using a 520-560 each sample. Fluorescence detectors with bandwiths of bandpass filter. 520-565 nm (FL1), 565-605 nm (FL2), and .605 nm (FL3) were set in logarithmic gain mode. PMT voltage was adjusted in order that all unlabelled control cells were 2.10. Protocol for determination of the effects of ascribed to the first logarithmic decade. diazoxide Superoxide generation was measured by detecting the conversion of the blue fluorescent dihydroethidium to For each parameter measured, cells were either allowed ethidium. This intercalates with dsDNA to form a far red to remain in growth medium for 15 min (control) incufluorescent complex with a large Stokes shift and peak bated with diazoxide for 15 min and immediately haremission at 610 nm. This was measured in the FL3 vested (''late group'') or allowed to remain in growth detector. In the case of reduced mitotracker orange (CMmedium for 30 min (control), incubated with diazoxide for H TMRos), excitation was provided with a bandpass of 15 min, washed then held in growth medium for a further 2 510-560 nm and subsequent emission was collected using 15 min before harvesting (''early group''). a dichroic mirror with a longpass .590 nm. CM-H TMRos is oxidized by a variety of ROS and was used to 2 measure ''total'' ROS generation by formation of the 2.11. Statistical analysis red / orange fluorescent CMTMRos, emission maximum 576-600 nm, measured in FL2 detector.
For comparison of changes in fluorescence intensity, Data were saved on high density magnetic disks individual experiments were compared off line using (Iomega) for later off-line analysis.
transformation analysis and then expressed as mean6 S.E.M. For measurements of cell viability, results are 2.6. Assessment of changes in mitochondrial volume expressed as mean6S.E.M. Results were compared using one-way ANOVA with post hoc analysis using Tukey's The change in the ratio of FS V 0.63SS was calculated test using Prism 2.0 statistical analysis package (Graph Pad on a cell by cell basis off-line using Winlist software Software Inc., NY, USA).
Results
indicates that as well as a cardioprotective role as mediator or end-effector, activation of the mitoK channel early ATP 3.1. Effect of free radical scavengers on can also act as a trigger of cytoprotection. Neither 5-HD, cardioprotection 2-MPG or NAC had an independent effect of cell viability (see Fig. 2 ). Fig. 1 of free radicals as seen by the increase in mean fluoresNeither 5-HD, 2-MPG or NAC had an independent effect cence intensity in channel FL2 to 49.5 arbitrary units of cell viability (see Fig. 1 ).
(AU). Incubation with diazoxide caused a significant Fig. 2 on membrane potential; Fig. 5 shows the effects of 15 min decrease in nonyl acridine orange fluorescence is seen, incubation with 100 mM CCCP. Mitochondrial mass as indicating disruption of mitochondrial membrane lipid measured by nonyl acridine orange fluorescence showed integrity and loss of the nonyl|lipid binding (data not no significant change with any intervention. However shown). These results indicate that in the intact cell, when there was complete collapse of the mitochondrial diazoxide causes no change in mitochondrial membrane membrane potential with CCCP at 2 mM, a significant potential or mass. two chemically distinct free radical scavengers, 2-MPG and NAC. This is in keeping with others who have shown the ability of both NAC [15] and 2-MPG [16], to abolish diazoxide mediated cardioprotection in ex-vivo models, alluding to a role for free radicals in the observed protection. To our knowledge, this is the first evidence directly demonstrating the ability of diazoxide to generate free radicals and the ability of 5-hydroxydecanoate and free radical scavengers to abolish this effect.
Generation of free radicals
In our experimental system we have demonstrated the ability of diazoxide to directly cause the generation of ROS in an isolated cardiocytes. Other triggers of preconditioning such as hypoxic incubation [14] and acetylcholine [9] have been shown to cause free radical generation in cardiocytes but only indirect evidence exists as to the role of free radical generation in diazoxide mediated cardioprotection [15, 16] . Using the probe reduced mitotracker orange, which is a non-specific marker of free radical may otherwise have remained undetected in other model systems. Of note, we were not able to measure any 3. 4 
. Effect of diazoxide on mitochondrial volume as significant generation of ethidium from dihydroethidium in measured by changes in light scattering
this model, similarly we found a variety of reduced fluorescein analogues unreliable due to product leakage in Fig. 6 demonstrates the effect of changes in light this cell model. This probe is most sensitive to the scattering by intact cells. Results are derived from the superoxide moiety, suggesting that if superoxide was being relationship between narrow angle scatter (FS) and wide generated, the kinetics of its dismutation by intracellular angle scatter (SS) and expressed as arbitrary units. An enzyme systems was such that the kinetics of reaction with increase in this value corresponds with an increase in the probe were unfavourable. mitochondrial volume. As can be seen, diazoxide causes a As yet there is no consenus as to the mechanism(s) of time dependent and significant increase in volume vs. free radical generation by diazoxide. One potential explacontrols. This increase is inhibited by concomitant incubanation may be ''functional uncoupling'' of electron transtion with 5-HD. The protonophore CCCP at 100 mM port and oxidative phosphorylation [23] which could caused the most swelling and this was reversible when the generate superoxide radical which would be rapidly discompound was washed out. No change was seen in the muted by mitochondrial superoxide dismutase to hydrogen event flight time value (directly proportional to cell size) peroxide with further reactions generating hydroxyl radiwith any interaction. These results indicate that incubation cals. However we accept other possibilities exist, such as with diazoxide causes an increase in matrix volume as modification of ion transporters or channels in the inner measured by increase in forward light scattering with no mitochondrial membrane which are responsible for the significant change in overall cell volume and this effect is generation of free radicals. However in the absence of abrogated by incubation with 5-HD.
other documented intracellular effects of diazoxide we propose the hypothesis of functional uncoupling to be responsible for this free radical release from mitochondria.
Discussion
We acknowledge that there may be other effects of diazoxide in isolated mitochondria. This was recently 4.1. Cytoprotection by diazoxide: role of mitochondrial observed in a study in using saponin-permeabilized car-K diomyocytes incubated with diazoxide in which a reduc-ATP tion in mitochondrial basal and maximal respiration was We have previously demonstrated that diazoxide is seen [24] . protective in a human cardiac derived cell line of simulated Furthermore it is also unclear how free radicals may ischaemia and reoxygenation [20] . We have now shown confer protection, but by activation of protein kinase C that the protective effects of diazoxide can be abolished by [25] , and stimulation of subsequent signaling cascades, they could trigger hyperphosphorylation of small heat We appreciate that our data contrasts with work pubshock proteins [26] , actin or both, with a concomitant lished by Holmuhamedov et al. which showed in their increase in the ability of the cell to withstand osmotic and model that high concentrations of potassium channel subsequent free radical-induced stresses during hypoxia openers were able to depolarise isolated mitochondria in and reoxygenation.
suspension and isolated rat neonatal cardiomyocytes grown on cover slips. It may be that in their model differing measurement environments as well as the use of potassium 4.3. Changes in mitochondrial membrane potential, mass channel openers at higher concentrations than used in our and volume study may have allowed for non-specific effects to occur. In must also be remembered that in our study we examined 4.3.1. Membrane potential membrane potential of mitochondria in situ in the intact There are limited data on the effects of diazoxide, cell. Using isolated mitochondria we have seen similar 5-hydroxydecanoate or simulated ischemic preconditioning results to those of Holmuhamedov and colleagues (data not on the mitochondrial membrane potential of cardiac mitoshown). chondria either in isolation or, more particularly, in situ in the intact cell. We have measured the effect of a variety of interventions in situ using the ratiometric cationic fluoro-4.3.2. Mitochondrial mass phore, JC-1. Normally this compound exists as a monomer
We employed the agent nonyl acridine orange in order with peak emission at 520 nm (green). However when the to evaluate mitochondrial mass. This compound binds compound enters the negatively charged mitochondrial stoichiometrically to cardiolipin, a membrane lipid found matrix, it forms oligomers or ''J-complexes'' with a shift exclusively in the mitochondrial inner membrane and in emission to 560 nm (orange). This shift in fluorescence fluoresces at 520 nm. The relative fluorescence intensity can readily be measured by flow cytometry. A number of generated per cell has been shown to be directly proporworkers have found an excellent correlation between the tional to mitochondrial mass [34] [35] [36] [37] . We found that none ratiometric analysis of JC-1 spectra and more direct of the interventions generating cardioprotection altered measurements of mitochondrial membrane potential such mitochondrial mass. as the tetraphenylphosphonium electrode [27] [28] [29] [30] . Comparative studies have been performed using other markers of membrane potential such as Rhodamine 123 and 4.3.3. Changes in matrix volume DiOC (3) which show that other factors such as loading
The effect of changes in mitochondrial matrix on light 6 conditions and binding to non-mitochondrial organelles scattering is complex [38] . A number of studies have and proteins can compromise the accuracy of Rhodamine correlated an increase in matrix volume measured by direct 123 and DiOC (3) [31] . With adequate compensation and techniques involving cell disruption with a decrease in 6 correct cell loading, the ratiometric signature allows cell light scattering measured at 520 nm in cells [39] [40] [41] . The by cell analysis of mean mitochondrial transmembrane ability of flow cytometric techniques to measure this potential in situ. More recent work by DiLisa et al. has parameter in cells [42] allows rapid measurements of indicated that the two forms of the compound may have relative changes of matrix volume to be performed in situ different sensitivities to mitochondrial membrane potential, without disruption of the cell. We observed a relative with the monomer being more sensitive to potentials below increase in forward scatter signal in keeping with a smaller 140 mV [32] . We found no significant changes in memincrease in side scatter signal during interventions known brane potential with the cardioprotective concentration of to cause mitochondrial swelling such as CCCP administradiazoxide (30 mM) or concentrations of diazoxide up to tion [43] and this correlated with the transition from thin, 300 mM in this model (data not shown). This is in contrast filamentous mitochondria to larger, punctate mitochondria to analysis of the effects of higher concentrations of when cells loaded with JC-1 were viewed under the potassium channel openers on membrane potential of fluorescent microscope (data not shown). By virtue of the isolated liver mitochondria measured by the TPP electrode fact that the Bryte HS flow Cytometer collects light at all method [33], but it seems more likely that the opening of angles .1.58 in the side scatter detector, the relative the mitochondrial K channel will result in change in changes in the ratios of forward to side scatter will differ ATP volume rather than change in membrane potential. We from that of other flow cytometers that collect only signals appreciate that there are potential secondary effects of high .858 for side scatter analysis [42] . To account for this, we concentrations of carbocyanine dyes such as JC-1 on used off-line discriminant function analysis to express the mitochondrial metabolism but feel due to the rapidity of measured change in light scatter with a major component the assays used and the fact that we were able to provided by the increase in forward scatter, equivalent to demonstrate reversible depolarization of mitochondrial the decrease in absorbance seen in other systems [42] . 
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